Exceptional genomic stability is one of the hallmarks of mouse embryonic stem (ES) cells. However, the genes contributing to this stability remain obscure. We previously identified Zscan4 as a specific marker for two-cell embryo and ES cells. Here we show that Zscan4 is involved in telomere maintenance and long-term genomic stability in ES cells. Only 5% of ES cells express Zscan4 at a given time, but nearly all ES cells activate Zscan4 at least once during nine passages. The transient Zscan4-positive state is associated with rapid telomere extension by telomere recombination and upregulation of meiosis-specific homologous recombination genes, which encode proteins that are colocalized with ZSCAN4 on telomeres. Furthermore, Zscan4 knockdown shortens telomeres, increases karyotype abnormalities and spontaneous sister chromatid exchange, and slows down cell proliferation until reaching crisis by passage eight. Together, our data show a unique mode of genome maintenance in ES cells.
Exceptional genomic stability is one of the hallmarks of mouse embryonic stem (ES) cells. However, the genes contributing to this stability remain obscure. We previously identified Zscan4 as a specific marker for two-cell embryo and ES cells. Here we show that Zscan4 is involved in telomere maintenance and long-term genomic stability in ES cells. Only 5% of ES cells express Zscan4 at a given time, but nearly all ES cells activate Zscan4 at least once during nine passages. The transient Zscan4-positive state is associated with rapid telomere extension by telomere recombination and upregulation of meiosis-specific homologous recombination genes, which encode proteins that are colocalized with ZSCAN4 on telomeres. Furthermore, Zscan4 knockdown shortens telomeres, increases karyotype abnormalities and spontaneous sister chromatid exchange, and slows down cell proliferation until reaching crisis by passage eight. Together, our data show a unique mode of genome maintenance in ES cells.
Mouse ES cells are derived from the inner cell mass (ICM) of blastocysts 1, 2 , and have similar gene expression patterns to ICM cells 3 . The defining features of ES cells are pluripotency and self-renewal, both of which have been the focus of intensive research for many years 4 . Another important hallmark of mouse ES cells is their ability to defy cellular senescence and to undergo more than 250 doublings without undergoing crisis or transformation 5 . Although the fraction of euploid cells tends to decrease in long-term culture 6 , the genomic integrity of mouse ES cells is more strictly maintained than in any other cultured cells. For example, ES cells maintain their ability to form chimaeric animals with germline competency even after many passages 7, 8 . The mutation frequency in ES cells is also much lower (.100-fold) than in mouse embryonic fibroblast cells and other somatic cells 9 . The unique features of mouse ES cells are further marked by lower frequency of chromosomal abnormalities compared to embryonal carcinoma cells, which otherwise share characteristics with mouse ES cells 10 , or some human ES cells 11 . However, at present the mechanism by which mouse ES cells maintain genomic stability is poorly understood.
A Zscan4 (zinc finger and SCAN domain containing 4) gene cluster includes six transcribed paralogous genes (Zscan4a-f) that share high sequence similarities and are thus collectively called Zscan4 (ref. 12) . A sharp expression peak of Zscan4 marks the late two-cell stage of mouse embryos and is essential for embryo implantation and blastocyst outgrowth in tissue culture 12 . Zscan4d is transcribed predominantly in two-cell embryos, whereas Zscan4c is transcribed predominantly in ES cells 12, 13 and is associated with self-renewal 14 . Both Zscan4c and Zscan4d encode a SCAN domain, predicted to mediate proteinprotein interactions, and four DNA-binding zinc-finger domains 15 .
Here we show Zscan4 to be essential for long-term culture of ES cells and maintenance of karyotype integrity associated with regulated telomere recombination in normal undifferentiated ES cells.
Zscan4 expression dynamics in ES cells
Zscan4 expression is heterogeneous in mouse ES cell colonies 12, 13 . A plasmid containing a green fluorescent protein (GFP)-Emerald reporter under the Zscan4c promoter was stably introduced into ES cells (pZscan4-Emerald cells), which allowed us to demonstrate a small fraction of ES cells as Zscan4 positive (Zscan4 1 ), recapitulating our observations by RNA in situ hybridization ( Fig. 1a ). Fluorescence activated cell sorting (FACS) analysis indicated that approximately 5% of the ES cells were Emerald-positive (Em 1 ; Fig. 1b ), although the number varied slightly (2-7%) between cultures. Cells were then FACS-sorted into Em 1 and Em 2 cells and subsequently replated separately. Both Em 1 and Em 2 cells were able to establish viable, undifferentiated colonies ( Fig. 1c ). However, by 24 h in culture, 3.3% of Em 2 cells became Em 1 (Fig. 1c, d ), whereas 54% of the Em 1 cells became Em 2 , as shown by flow cytometry analysis ( Fig. 1c, d ). Quantitative reverse-transcription PCR (qRT-PCR) analysis of sorted cells confirmed a correlation between the expression of Emerald and Zscan4 ( Supplementary Fig. 1 ). These results indicate that Zscan4 1 state is transient and reversible, and constitutes ,5% of ES cells in culture.
To trace the fate of Zscan4 1 cells, we stably transfected a plasmid carrying CreERT2 (ref. 16 ) under the control of the Zscan4c promoter (pZscan4-CreERT2 cells). In this system, Cre-recombinase translocates from the cytoplasm into the nucleus only in the presence of tamoxifen 16 and excises a neomycin cassette from the LacZ open reading frame (ORF) 17 , leading to heritable constitutive LacZ expression ( Supplementary Fig. 2a ). As expected, after a short exposure to tamoxifen, cells positive for Zscan4 RNA by fluorescence in situ hybridization (FISH) were colabelled with nuclear-localized Crerecombinase protein by immunostaining ( Supplementary Fig. 2b ). To identify the total population of cells descended from Zscan4 1 cells, pZscan4-CreERT2 ES cells were maintained continuously in the presence of tamoxifen for nine passages (27 days) in undifferentiated conditions. Immunostaining analysis of the cells showed that POU5F1 (also known as OCT4 or OCT3/4) was costained with LacZ, indicating that they were still undifferentiated ( Supplementary  Fig. 2c ). Analyses of LacZ activity by X-gal staining ( Fig. 1e ) and by flow cytometry after staining with the green fluorescent substrate CMFDG (5-chloromethylfluorescein-di-b-galactopyranoside) ( Fig. 1f and Supplementary Fig. 3 ), however, showed that the number of cells marked with LacZ steadily increased, and most ES cells became LacZpositive (LacZ 1 ) by passage 9. The steady increase in LacZ 1 cells over several passages was probably not caused by a growth advantage of LacZ 1 cells, as the early withdrawal of tamoxifen at passage 4 mostly halted the further increase in LacZ 1 cells ( Fig. 1f , Tam 1 P1-P3). These data indicate that, although 5% of ES cells are marked by Zscan4 1 , most of the ES cells in culture are descendants of cells that activated Zscan4 at least once during nine passages. On the basis of these data, we estimated that every day, 3% of Zscan4 2 ES cells turned into Zscan4 1 cells, whereas 47% of Zscan4 1 cells turned into Zscan4 2 cells, leading to the equilibrated state of 5% Zscan4 1 cells in ES cell culture at any given time ( Supplementary Fig. 4 ).
To exclude the possibility that Zscan4 expression marks a certain cell lineage commitment of ES cells, we first exposed pZscan4-CreERT2 cells to a pulse of tamoxifen, followed by an embryoid body formation and attachment assay 18 . Subsequent to the embryoid body differentiation, both LacZ 1 cells (that is, descendants of Zscan4 1 cells) and LacZ 2 cells (that is, descendants of Zscan4 2 cells) were able to contribute to a variety of cell types including lineages from all three embryonic germ layers, as judged by both cell morphology and immunostaining for specific lineage markers ( Supplementary Fig. 5a , b). Zscan4 1 cells were also able to form chimaeras, as demonstrated by blastocyst injection of Em 1 cells ( Supplementary Fig. 5c ).
Zscan4 knockdown leads to culture crisis
To test directly whether the intermittent expression of Zscan4 is dispensable for ES cells, we stably transfected a Zscan4 short hairpin RNA (shRNA) knockdown vector targeting a common 39-untranslated region of Zscan4c and Zscan4d into tet-Zscan4c ES cells 19 , in which an exogenous copy of Zscan4c is repressed in the presence of doxycycline (Dox 1 ) but is induced in absence of Dox (that is, Dox 2 condition). For brevity, the resultant Zscan4-knockdown/rescue cells (tet-Zscan4c-KR cells) are called Zscan4-knockdown cells in the Dox 1 condition, or Zscan4-rescue cells in the Dox 2 condition (see Supplementary Methods and Supplementary Fig. 6 ). Two independent tet-Zscan4c-KR cell lines were used for the following studies. qRT-PCR and western blot analyses confirmed Zscan4 knockdown ( Fig. 2a and Supplementary Fig. 7a, b ), whereas the control shRNA did not affect equivalent cells. As expected from the transient expression of Zscan4, Zscan4-knockdown cells showed typical ES cell morphology after clonal isolation ( Supplementary Fig. 7c ). However, the population doublings slowed with passages ( Fig. 2b) , and flat cells accumulated in culture. Most of the cells ceased to proliferate during passage 7 and died abruptly 1-2 days after plating passage 8 (that is, ARTICLES approximately 31 cell doublings after transfection), leaving a very low number of surviving but slowly proliferating small colonies ( Fig. 2b) . The presence or absence of Dox alone did not affect proliferation rate, as all of the control cells in the Dox 1 and Dox 2 conditions showed normal proliferation curves ( Fig. 2b and Supplementary Fig. 8a ). Apoptosis and viability tests at the same passages ( Fig. 2c and Supplementary Fig. 8b ) showed that the level of apoptosis in Zscan4knockdown cells increased by passage 7 and reached 47.5 6 1.2% (mean 6 s.e.m.) at passage 8, leading to the crisis observed a day later. Rescue of Zscan4 was able to recover, to some extent, cell proliferation ( Fig. 2b and Supplementary Fig. 8a ) and apoptosis ( Fig. 2c and Supplementary Fig. 8b ), and consequently prevented tissue culture crisis and massive cell death in passage 8, suggesting that Zscan4 is essential for the maintenance of ES cells in culture.
To investigate the events associated with the culture crisis, the karyotype of Zscan4-knockdown and control cells was analysed at passage 3-the earliest passage after clonal isolation and expansion ( Fig. 2d and Supplementary Fig. 9 ). Only 65% of the Zscan4-knockdown cells presented a normal karyotype, compared to 88% of control cells. This is still considered acceptable for cultured ES cells 7, 8 , as the abnormalities found in these cells seemed random at this stage; however, the Zscan4rescue cells showed a distinctly better karyotype (77.5% normal), although a slight increase in chromosome fusion was noted ( Fig. 2d ). Moreover, karyotype abnormalities observed included random chromosome fusions and deletions, suggesting that genomic instability was not due to a specific clonal defect but caused by Zscan4 knockdown. When cells were karyotyped at passage 7, only 22.7% of the Zscan4knockdown cells showed a normal karyotype. Remarkably, the karyotype of Zscan4-rescue cells was significantly better, as 60% of the cells were normal and no deletions were observed.
The compromised karyotype in Zscan4-knockdown cells prompted us to examine its effect on telomeres. Telomere length ratios were compared to a single-copy gene by qPCR, as previously described 20, 21 . Average telomere length decreased significantly by 30 6 5% (mean 6 s.e.m.) in Zscan4-knockdown cells at passage 6 ( Supplementary Fig. 10 ). By contrast, telomeres of control cells remained intact through passages, and telomere length was rescued by Zscan4c overexpression (Supplementary Fig. 10 ), suggesting that knockdown of Zscan4 causes the telomere shortening. Furthermore, telomere length distribution analysed by quantitative FISH (Q-FISH) 22 demonstrated that telomeres in the Zscan4-knockdown cells at passage 6 ( Fig. 3a and Supplementary  Fig. 10 ) were significantly shorter than those in the control cells (P , 0.001) ( Fig. 3b ).
Zscan4 extends telomeres in ES cells
Surprisingly, Zscan4 induction led to elongated telomeres in Zscan4rescue cells ( Fig. 3a, Supplementary Fig. 10 ). The telomere length distribution in Zscan4-rescue cells also indicated that the average increase in telomere length was due to an overall shift and not due to a few abnormally long telomeres. The effects of Zscan4c overexpression on telomeres were also examined in the parental tet-Zscan4c cells before and after gene induction ( Fig. 3b and Supplementary Fig. 11a, b ). Consistent with the results of Zscan4 rescue ( Fig. 3a) , telomere Q-FISH showed a significant increase (1.8-fold) in average telomere length from 39.4 6 0.13 kilobases (kb) in the noninduced tet-Zscan4c cells to 65.9 6 0.2 kb in Zscan4c-overexpressing cells (Fig. 3b ). This finding was further confirmed by telomere qPCR data (Fig. 3d ). As expected, telomere extension was not caused by Dox itself, as controls showed no significant difference between Dox 1 and Dox 2 conditions. Furthermore, telomere qPCR analysis correlated telomere extension with the transient Zscan4 1 state in FACS-sorted pZscan4-Emerald cells: the relative telomere length in Em 1 cells was 2.4-fold longer than in control tet-Empty cells, whereas that of Em 2 cells was comparable to controls (Supplementary Fig. 11b ). The telomere lengthening by Zscan4 was not associated with increased telomerase activity, as shown by telomeric repeat amplification protocol (TRAP) assay ( Supplementary Fig. 12a ), nor abolished by eliminating telomerase activity with Tert knockdown ( Supplementary Fig. 12b-e ), suggesting a telomeraseindependent mechanism for the Zscan4 activity.
Recent findings have established that preimplantation embryos can activate rapid telomere extension (within one cell cycle) through telomere recombination or telomere sister chromatid exchange (T-SCE) 23 . As Zscan4 is a common marker for ES cells and the two-cell embryos, we investigated whether Zscan4 activated the T-SCE apparatus by a telomere chromosome orientation FISH (CO-FISH) assay 24 (Fig. 4a ). Control   21 41  101 121  161  201  241  61  1  81  21 41  101 121 161  201  241  61  1  81   21 41  101 121  161  201  241  61  1  81  21 41  101 121  161  201  241  61  1 As expected, the frequency of T-SCE in all control cells was low and showed no significant difference between Dox 1 and Dox 2 conditions (Fig. 4b) . Similar frequencies were observed for non-induced tet-Zscan4c cells. By contrast, Zscan4c induction in tet-Zscan4c cells for 3 days resulted in .10-fold more T-SCE events in 76% of the nuclei tested (Fig. 4b) . Therefore, we conclude that transient expression of Zscan4c promoted telomere recombination, leading to telomere elongation. However, further mechanisms for telomere elongation by Zscan4 cannot be excluded.
Zscan4 inhibits spontaneous SCE Given that T-SCE is often coupled with general instability and higher incidence of genomic SCE 25 , we tested for SCE after Zscan4c overexpression in tet-Zscan4c cells or knockdown/rescue in tet-Zscan4c-KR cells. Consistent with previous reports on ES cells 26, 27 , the basal spontaneous SCE rate in all control cells was relatively low; however, Zscan4c overexpression further reduced SCE events fourfold compared to non-induced cells and sixfold compared to tet-Empty controls ( Fig. 5a, b ). Conversely, a significantly higher frequency of SCEs was found in Zscan4 knockdown cells ( Supplementary Fig. 13 ): 29 6 0.7% (mean 6 s.e.m.) ( Fig. 4c ) of the cells had 11 6 4.2 SCEs per nucleus (Fig. 4d ). When Zscan4 expression was rescued, the number of spontaneous SCEs was markedly lower: only 13% of the cells were SCE-positive ( Fig. 4c) , with a smaller number (2.9 6 2.1) of SCEs per nucleus ( Fig. 4d ), which was comparable to controls. Therefore, our findings suggest that Zscan4 expression reduces the incidence of non-telomeric SCE in ES cells, whereas knockdown increases it.
ZSCAN4 is localized on telomeres ZSCAN4 protein contains a SCAN domain as well as a DNA-binding domain, suggesting its role in recruiting other proteins to chromatin 15 .
To test whether ZSCAN4 protein functions in telomere recombination, we performed a colocalization study in Zscan4c-overexpressing tet-Zscan4c cells (Dox 2 ) by ZSCAN4 immunostaining along with telomere FISH (T-FISH). Confocal microscope analysis showed that 84 6 0.6% of ZSCAN4 foci were localized on telomeres (Fig. 5a, top and Supplementary Fig. 14) , and on average 50 6 0.6% (n 5 6) of telomeres were ZSCAN4-positive ( Supplementary Fig. 14) . Furthermore, preliminary microarray analysis indicated that meiosis-specific homologous recombination genes were induced by Zscan4c overexpression in ES cells. Analyses by qRT-PCR and western blot validated the results for the enzyme SPO11 (refs 28, 29), which facilitates the double-strand DNA breaks (DSBs) required for meiotic recombination, the recombinase DMC1 (ref. 30) , essential for meiotic recombination, and the cohesin SMC1b, required for meiotic sister chromatid exchange and cohesion 31 (Fig. 5b) . Immunostaining colabelled with T-FISH showed SPO11 was localized on telomeres (Fig. 5a , middle) as well as ZSCAN4 foci (Fig. 5a , top) and DMC1 foci ( Supplementary Fig. 15a, bottom) . Colocalization of SPO11 and ZSCAN4 foci was also evident in the G2 phase (Fig. 5a, bottom) . Consistent with the fact that DSBs are enclosed in c-H2AX foci to mediate homologous recombination during meiotic recombination 29 , immunostaining showed c-H2AX foci forming on telomeres after Zscan4c overexpression ( Supplementary Fig. 15a, top) . However, this marker was no longer present during M phase, which may suggest that DSBs are recovered before M phase ( Supplementary Fig. 15a, top) . Furthermore, in Em 1 cells the RecA homologue DMC1 (ref. 30 ) was colocalized with c-H2AX foci ( Supplementary Fig. 15b , top) and ZSCAN4 foci were colocalized with TRF1 (ref. 32 ) foci (Supplementary Fig. 15b , bottom and Supplementary Fig. 15c for controls). Taken together, our results indicate that Zscan4 may facilitate telomere recombinations by inducing the meiosis-specific homologous recombination mediators that are subsequently colocalized with ZSCAN4 at telomeres. However, further experiments will be required to determine whether ZSCAN4 acts as a transcription factor on these genes and/or directly recruits these proteins to telomeres.
Discussion
Here we have demonstrated that Zscan4 has a key role in the critical feature of ES cells, that is, defying cellular senescence and maintaining normal karyotype for many cell divisions in culture (Fig. 5d ).
Zscan4 is expressed in about 5% of ES cells at any given time and expressed genes in ES cells 13, 33 often mark specific cell lineages 34, 35 . Yet, nearly all of the ES cells in culture express Zscan4 at least once in nine passages of continuous culture. Although further experiments will be required to find the signals leading to Zscan4 activation, its unique mode of expression suggests a highly regulated mechanism and seems to be consistent with our observation that the knockdown of Zscan4 does not affect the cells immediately, but eventually leads to karyotype deterioration, reduction of cell proliferation, and apoptosis by 7-8 passages. Therefore, without intermittent activation of Zscan4, ES cells lose their ability to proliferate indefinitely.
Karyotype deterioration in Zscan4-knockdown ES cells seems to be associated with telomere shortening as well as an increase in spontaneous non-telomeric SCE. As Zscan4 functions as an activator of spontaneous T-SCE and telomere elongation in undifferentiated ES cells, regulation of telomeres by Zscan4 in mouse ES cells is distinct from previously reported mechanisms. First, Zscan4 1 cells undergo rapid telomere extension, most probably by telomere recombination or T-SCE. ZSCAN4 protein seems to function by inducing meiosisspecific homologous recombination mediators and forming foci with them on telomeres ( Fig. 5a ), suggesting ES cells are able to use a new mechanism for T-SCE. Second, unlike cells usually associated with T-SCE, such as survivors of telomerase knockout Terc 2/2 ES cells 25, 36, 37 and tumour cells lacking telomerase reactivation [38] [39] [40] [41] , we have shown that telomerase is active in undifferentiated ES cells expressing Zscan4. We have also shown that Zscan4-mediated telomere extension does not require telomerase; however, it remains unclear whether Zscan4-mediated telomere extension can compensate the telomere loss in Terc 2/2 ES cells, which cease to proliferate after .450 population doublings 25, 36, 37 . Third, most genes previously identified for telomere regulation are inhibitors of T-SCE, as downregulation of these genes increases T-SCE and/or telomere length 40 , such as the DNA methyltransferases DNMT1 and DNMT3 (ref. 42) and Werner syndrome protein (WRN) 43 . An exception is the Rtel1 gene, as Rtel1 2/2 ES cells show telomere shortening after induction of differentiation 44 , but unlike Rtel1, Zscan4 shows this phenotype in undifferentiated ES cells. Fourth, unlike T-SCE that usually results from general chromosomal instability and is accompanied by increased SCE in non-telomeric sequences 25 , T-SCE mediated by Zscan4 is not associated with an increase of general SCE, and the normal karyotype remains stable with a lower spontaneous SCE rate (Fig. 5a, b) . Overall, this work provides the first link to a new mechanism used by ES cells to sustain long-term genomic stability and telomere maintenance.
The expression of Zscan4 varies among different pluripotent stem cells, which may correlate to their differences in genomic stability. For example, consistent with the inferior ability of embryonal carcinoma cells to maintain genomic integrity 10 , the expression of Zscan4 is much lower in embryonal carcinoma cells than in ES cells 45 . It is interesting to note that the expression level of Zscan4 in induced pluripotent stem (iPS) cells 46 is comparable to ES cells 45 , suggesting that iPS cells may have regained the ability to undergo ES-like genome maintenance. By selecting cells able to activate Zscan4, it may be possible to enrich cultures with cells more suitable for future therapeutic purposes. Moreover, if Zscan4 expression can be induced and controlled, it may provide means to increase genomic stability in other cell types, such as stem cells or cancer cells.
METHODS SUMMARY
ES cell lines used for this study were R26R3 (ref. 17 ) and MC1 (ref. 47 ). The Zscan4c promoter used for pZscan4-Emerald and pZscan4-CreERT2 was cloned from bacterial artificial chromosome (BAC) RP23-63I1. For ROSA/tet-off targeting vector and generation of tet-Zscan4c cells and tet-Empty cells, the pZhcSfi plasmid 48 was modified with puromycin resistance and a 63His-Flag tag to flank Zscan4c. Zscan4 shRNA was cloned into the GeneSilencer pGSU6 shRNA Vector (Gelantis). Telomere Q-FISH was performed by PNA-FISH Kit/Cy3 (DAKO), and calculated using TFL-TELO software 22 . CO-FISH 24,49 , telomere qPCR 21 and SCE 50 assays were performed as previously described.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
ES cell culture. MC1 ES cells, derived from 129S6/SvEvTac 47 , were purchased from the Transgenic Core Laboratory of the Johns Hopkins University School of Medicine, Baltimore. R26R3 (ref. 17) ES cells, a gift from P. Soriano, were used as parental line to generate pZscan4-CreERT2 cells for lineage-tracing experiments. In general, all ES cell lines were cultured for two passages on gelatin-coated feeder-free plates and subsequently maintained in gelatin-coated six-well plates in complete ES medium: DMEM (Gibco), 15% FBS (Atlanta Biologicals), 1,000 U ml 21 leukaemia inhibitory factor (LIF) (ESGRO, Chemicon); 1 mM sodium pyruvate; 0.1 mM non-essential amino acids, 2 mM GlutaMAX, 0.1 mM b-mercaptoethanol, and penicillin (100 U ml 21 ) and streptomycin (100 mg ml 21 ). For all cell lines, medium was changed daily and cells were split every 2 to 3 days routinely. pZscan4-Emerald vector construction. A putative Zscan4 promoter that covers between the ZSCAN4C start codon (methionine) and the 2,570 base pairs (bp) upstream site from the start codon was amplified from BAC RP23-63I1 with high fidelity TITANIUM Taq polymerase (Clontech) using the following primers: forward 59-MluI_site_GGCAACCTTACTACTTCTATC-39; reverse, 59-AGCAT CAACCACTTTGGTAC-39. Subsequently, the PCR product was cloned into the pCDNA6.2/C-EmGFP TOPO vector (Invitrogen). Sequence-verified plasmid DNA was linearized by MluI digestion. pZscan4-CreERT2 vector construction. An ORF of the pCreERT2 (ref. 16) vector was cloned into the EcoRI site of the pBluescriptIISK(1) plasmid vector. Subsequently, the aforementioned PCR fragment of Zscan4c promoter was cloned into the vector between EcoRV and EcoRI sites, located at the 59 end of the CreERT2-ORF by blunt-end ligation. A SalI-NotI DNA fragment containing Zscan4c promoter-CreERT2 was cut out from the vector and then cloned into pEF6/V5-His-Topo plasmid vector between HindIII and PmeI sites by blunt-end ligation. Generation of pZscan4-Emerald and pZscan4-CreERT2 cells. MC1 ES cells (for pZscan4-Emerald transfection) and R26R3 ES cells (for pZscan4-CreERT2 transfection) were grown on gelatin in 6-well plates. Five-hundred-thousand cells in suspension were transfected with 1 mg linearized pZscan4-Emerald vector or pZscan4-CreERT2 vector using Effectene (QIAGEN) according to manufacturer's instructions, and plated in gelatin-coated 100-mm dishes. Cells were selected with 5 mg ml 21 blasticidin. ES cell colonies were picked on the eighth day, expanded, and frozen for further analysis. Sorting pZscan4-Emerald ES cells. Cells were fed at least 2 h before collecting with Accutase (Chemicon), and resuspended in Iscove's Modified Dulbecco's Media (IMDM) containing 25 mM HEPES buffer (Chemicon) with 1% FBS and 1,000 U ml 21 LIF. The cells were then FACS-sorted according to the fluorescent intensity of Emerald into IMDM containing 35% serum, 1 mM sodium pyruvate, 2 mM GlutaMAX, 100 mM b-mercaptoethanol, 100 U ml 21 penicillin, 100 mg ml 21 streptomycin, 0.1 mM non-essential amino acids and 1,000 U ml 21 LIF. For qRT-PCR analysis of FACS-sorted cells, total RNAs were collected immediately after sorting by TRIzol (Invitrogen) according to the manufacturer's instructions. LacZ analysis of pZscan4-CreERT2 cells. To trace the fate of Zscan4 1 cells, pZscan4-CreERT2 ES cells were grown in the standard ES medium in the presence or absence of 100 nM tamoxifen for up to nine passages. As a control, pZscan4-CreERT2 cells were also cultured in the presence of tamoxifen for three passages, followed by six further passages without tamoxifen. To visualize the LacZ 1 cells, cells in biological triplicate at passages 1-9 were stained for b-galactosidase (LacZ) using a commercial kit (Chemicon) according to manufacturer's instructions. For flow cytometry analysis, LacZ was also detected by the green fluorescence substrate CMFDG using the commercial kit DetectaGene (Invitrogen). Suspended cells were then analysed by the Guava EasyCyte Mini flow cytometry system with the CytoSoft4.1 software (Guava Technologies). Embryoid body formation assay of pZscan4-CreERT2 cells. To examine the difference between Zscan4 1 and Zscan4 2 cells for their ability to differentiate into several cell lineages, the embryoid body formation assay 18 was carried out after culturing pZscan4-CreERT2 ES cells on gelatin for 3 days in the complete ES medium containing 100 nM tamoxifen. Cells were then collected and 4 3 10 6 ES were plated on 100-mm bacteriological Ultra-Low Culture Dish (Corning) in LIF-free medium without tamoxifen to form floating embryoid bodies. On the seventh day floating embryoid bodies were collected and plated in gelatin-coated 6-well plates in LIF-free medium without tamoxifen to allow attachment. On the eleventh day, areas of beating muscles were scored and subsequently cells were fixed in 4% paraformaldehyde (PFA) for further analyses by LacZ staining and immunohistochemistry. Mouse chimaera assay of pZscan4-Emerald cells. Eight-week-old C57BL/6J mice were superovulated by injecting 5 international units (IU) pregnant mare serum gonadotropin (PMS; Sigma) and 5 IU human chorionic gonadotropin (HCG; Sigma) after 46-47 h 51 . Fertilized eggs were collected from mated superovulated mice and cultured in synthetic oviductal medium enriched with potassium (KSOMaa MR-121-D) at 37 uC in an atmosphere of 5% CO 2. Emerald-positive cells were collected by FACS-sorting pZscan4-Emerald cells and subsequently microinjected into 3.5 days post coitum (d.p.c.) blastocysts. Fifteen blastocysts were transferred into the uteri of 2.5 d.p.c. pseudopregnant ICR female mice. Embryos were collected at 10.5 d.p.c. and genotyped for chimaerism by PCR. qRT-PCR. One microgram of total RNA, isolated from cells by TRIzol (Invitrogen) in biological triplicate, was reverse-transcribed by Superscript III according to the manufacturer's instructions. qPCR analyses were performed using 10 ng cDNA per well in triplicate with the SYBR green master mix (Applied Biosystems) according to the manufacturer's instructions. Primers used were: Zscan4 (recognizes all Zscan4 paralogues) forward, 59-GAGATTCATGGAGAG TCTGACTGATGAGTG-39; reverse, 59-GCTGTTGTTTCAAAAGCTTGATGA CTTC-39; Zscan4c forward, 59-CCGGAGAAAGCAGTGAGGTGGA-39; reverse, 59-CGAAAATGCTAACAGTTGAT-39; Zscan4d forward, 59-GTCCTGACA GAGGCCTGCC-39; reverse, 59-GAGATGTCTGAAGAGGCAAT-39; Spo11 forward, 59-GCTGGACAGCATCCTGAAGAGG-39 reverse, 59-GGGTAAGTA CACTCTGGACA-39; Dmc1 forward, 59-CAGATCCAGGAGCAACTATGA-39; reverse, 59-CGATCCTCAGTTCTCCTCTT-39; and Smc1b forward, 59-GCA TCCATCCAAATAGACTACAGC-39; reverse, 59-CCTGTGCTCGCAAGTTTG GA-39. Reactions were run on 7900HT or 7500 system (Applied Biosystems). Fold induction was calculated and normalized by the DDC t method 52 . Generation of tet-Zscan4c and tet-Empty cells. The detailed procedures for making tet-Zscan4c and tet-Empty ES cells were described previously 19 . In brief, 'MC1 Rosa26 knock-in parental ES cell clone' was made by targeting ROSA26 locus 17 of MC1 ES cells 47 by pMWRosaTcH vector 48 (a gift from H. Niwa). The ORF of Zscan4c was amplified by PCR and subcloned into the pZhcSfi plasmid 48 (a gift from H. Niwa) after replacing the zeocin-resistance gene by a puromycinresistance gene 19 . A 63His-Flag epitope tag sequence was inserted into the 59 end of LoxPV site to make ZSCAN4C fused to the epitope tag at the carboxy terminus 19 . The resultant Zscan4c plasmid was cotransfected with pCAGGS-Cre plasmid into the MC1 Rosa26 knock-in parental ES cells using Effectene (QIAGEN) according to manufacturer's instructions. After the puromycin selection in the presence of doxycycline (0.2 mg ml 21 ), ES cell clones were isolated and thereafter named tet-Zscan4c cells. Modified pZhcSfi vector without ORF was used to establish tet-Empty control cells. Telomerase knockdown in tet-Zscan4c cells. The tet-Zscan4c cells were transiently transfected with a SMART pool siRNA (Dharmacon) against the mouse Tert gene (the catalytic protein unit of the enzyme telomerase). Non-targeting control siRNA pool (Dharmacon) was used as a control for off-target effect. The effects of Zscan4c overexpression in these cells were examined by subsequent induction of Zscan4c in the Dox 2 condition for 3 days. Tert knockdown was confirmed by qRT-PCR analysis and TRAP assay. Generation of tet-Zscan4c-KR cells. After testing four different shRNA designs against the sequence common to 39-untranslated regions (UTRs) of both Zscan4c and Zscan4d, the following shRNA sequence (19-nucleotide linker sense oligonucleotuides, a hairpin loop, and an antisense of the 19-nucleotide sense sequence, and an antisense of the linker; see Supplementary Fig. 6 ) was selected and used: forward, 59-CATAACCTGAAAAAACAGAAGCCTGGCATTCCC TAAGCTTAGGGAATGCCAGGCTTCTGCGCGTCCTTTCCACAAGA TATA TA-39; reverse, 59-CATAACCTGAAAAAACAGAAGCCTGGCATTCCCTTTC GAAAGGGAATGCCAGGCTTCTGCGCGTCCTTTCCACAAGATATATA-39. The shRNA was cloned into the GeneSilencer U6 PCR kit (Gelantis) according to the manufacturer's instructions. The resultant vector was stably transfected into the tet-Zscan4c cells by the Effectene (QIAGEN) according to manufacturer's instructions. The cells were named tet-Zscan4c-knockdown/rescue (KR) cells, as the endogenous Zscan4 was knocked down in the Dox 1 condition and the exogenous Zscan4c provided a rescue in the Dox 2 condition. As a negative control, an shRNA against luciferase provided by the kit was stably transfected into tet-Zscan4c cells and named shCtrl cells. Telomere Q-FISH. All the cells were maintained in the complete ES medium containing Dox, except for Zscan4c-overexpression condition achieved by culturing cells in the Dox 2 condition for 3 days. Medium was replaced every day. On the third day medium was supplemented with 0.1 mg ml 21 colcemid (Invitrogen), followed by 4 h incubation to arrest the cells in metaphase. After adding hypotonic 0.075 M KCl buffer, cells were fixed in cold methanol/acetic acid (3:1) and metaphase spreads were prepared. Telomere FISH was performed by telomere peptide nucleic acid (PNA) FISH Kit/Cy3 (DakoCytomation) according to the manufacturer's instructions. Chromosomes were stained with 0.5 mg ml 21 DAPI. For quantitative measurement of telomere length, digital images of chromosomes and telomeres were captured by Zeiss microscope with Cy3-DAPI filter sets,
